Background Measurement of liver MRI T2* and R2* is emerging as a reliable alternative to liver biopsy for the quantitation of liver iron content. A systematic investigation of the influence of the region-of-interest size and placement has not been conducted. Objective To compare small and whole liver region-ofinterest (ROI) MRI R2* values to each other and to biopsy liver iron content in patients with iron overload. Materials and methods Forty-one iron-overloaded patients, ages 7-35 years, underwent biopsy for liver iron content quantitation and MRI for liver R2* measurement within 30 days. Three reviewers independently used small and whole liver ROIs to measure R2*. Inter-reviewer agreement was assessed with the intra-class correlation coefficient (ICC). Associations between R2* and liver iron content were investigated using Spearman's rank-order correlation and Monte Carlo estimated exact P values. Results Biopsy liver iron content and small and whole liver ROI R2* measurements were strongly associated for all reviewers (all P<0.0001). Although inter-reviewer agreement was excellent for both ROI methods (ICC=0.98-0.99), the small ROI technique more frequently led to inter-reviewer differences larger than 75 Hz, slightly higher R2* values, larger standard errors and greater range in values. Conclusion Small and whole liver ROI techniques are strongly associated with biopsy liver iron content. We found slightly greater inter-reviewer variability in R2* values using the small ROI technique. Because such variability could adversely impact patient management when R2* values are near a threshold of iron chelation therapy, we recommend using a whole liver ROI.
monitored carefully. Because iron is essential for many physiologic functions, the goal of therapy is to reduce toxicity from excessive iron while minimizing toxicity associated with iron chelation [1] . Noninvasive quantitative assessment of liver and myocardial iron by means of MRI liver-to-muscle signal intensity ratios and R2 and R2* relaxometry (R2 =1/T2, R2*=1/T2*) have emerged as reliable alternatives to liver biopsy to monitor body iron content because good correlations with biopsy-proven liver iron content have been observed [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Since the first clinical investigations of MRI signal intensity and decay measurements for estimation of liver iron content, most investigators have used small (0.5-3 cm) regions of interest (ROIs) placed in an area of the liver appearing homogeneous and devoid of vessels [4, 10, 12, [14] [15] [16] [18] [19] [20] [21] [22] [23] [24] . While measurements obtained with this approach have shown excellent correlations with biopsy specimen liver iron content, the method is subject to several potential pitfalls [3, 10, 12, [14] [15] [16] [17] . Placement of the ROI is subjective leading to inter-reviewer variability. Furthermore, the distribution of liver iron, in patients with iron overload, is likely not uniform, making both liver biopsy and small ROI measurements prone to sampling error [8, [25] [26] [27] [28] . Several investigators have reported the use of a whole liver ROI method to measure liver R2 and R2*, which may provide a more accurate assessment of overall liver iron content [9, 29, 30] . A systematic investigation of the influence of the ROI size and placement, however, has not been conducted. The purpose of our study was to compare small and whole liver ROI R2* measurements with each other and with biopsy-proven liver iron content in patients with iron overload in an effort to determine the best method for noninvasive liver iron quantitation using MRI.
Materials and methods

Patient selection
This prospective study was approved by our Institutional Review Board and was performed with HIPPA compliance. Because patients had to follow breath-holding instructions for MRI, only those ≥7 years of age and not requiring sedation or general anesthesia for MRI were eligible. A diagnosis of iron overload, defined as serum ferritin ≥1,000 ng/L within 3 months before study enrollment or a history of ≥18 red blood cell (RBC) transfusions, and a clinical need for liver biopsy to monitor iron overload were required [31, 32] . In accordance with our institutional MRI safety policy, pregnant females and patients with internal ferromagnetic material were not eligible. Eligible patients or their legal guardian signed consent and assent as appropriate. The association between small ROI R2* measurements and liver iron content, from this study, have been previously published [3] .
MRI scanning and region-of-interest procedures
To avoid potential variability in R2* measurements resulting from differences in MRI equipment, all patients were scanned on the same 1.5-T Siemens Symphony (Malvern, PA) MRI scanner. With a phased-array body coil, a single breath-hold technique was used to obtain 20 non-contrast-enhanced gradient echo axial images at the level of the main portal vein with a repetition time (TR) of 200 ms and 20 increasing echo times (TE). Echo times ranged from 1.1 ms-17.3 ms at 0.08 ms increments. Other imaging parameters were 25-degree flip angle, 10-mm slice thickness, 3.125 mm in plane resolution and 1,950 Hz bandwidth, 128 × (96-128) matrix and 380 mm × (285 mm-380 mm) field of view. Total acquisition time for the 20 images ranged from 18 to 25 s.
Images were transferred to a computer workstation for post-processing. Quantitative T2* maps of the entire crosssectional area of the liver (at the level of the main portal vein) were calculated using custom-written MATLAB (MathWorks, Natick, MA) software and the signal intensity drop over the image series was fitted on a pixel-by-pixel basis to a monoexponential decay using the least-squares fit method [33] . Region-of-interest T2* measurements were then obtained independently by three reviewers-one radiologist with 14 years of experience in pediatric radiology (MBM) and two MRI physicists with 14 years (CMH) and 4 years (RS) of experience in MRI. The reviewers were blinded to patient history, liver iron content and the other reviewers' T2* measurements. Each reviewer performed ROI analyses in two ways: (1) A small ROI, of at least 1-cm diameter, was manually drawn in an area of the liver that appeared homogeneous and was devoid of vessels on the T2*W images or the calculated T2* map (Fig. 1 ). To simulate current standard of practice reviewers determined the shape, size and location of ROIs at their own discretion, based on personal experience. Because liver biopsies were obtained from the right lobe of the liver, ROIs were placed in the right lobe when possible. (2) To avoid potential bias resulting from knowledge of small ROI T2* values, each reviewer waited 3 months before performing whole liver ROI analyses. The whole liver analyses were performed by manually drawing an ROI just inside the outer margins of the liver, outlining the entire cross-sectional area, including vessels (Fig. 2) . A T2* histogram was obtained from the ROI and outliers in the histogram (values corresponding to vessels rather than liver parenchyma) were removed by rejecting T2* values above those from within the area under the main peak (Fig. 2 ). An image overlay of pixels included in the adjusted T2* calculation was used to confirm that major vessels were excluded (Fig. 2) . To ensure that an adequate number of pixels were analyzed within the ROI, we excluded children whose number of fitted pixels (i.e., those included in the T2* determination) was <25% of all pixels within the ROI by any one reviewer using either ROI technique. A fitted pixel count <25% can occur when the ROI contains a large amount of tissue that has T2* signal decay that is too rapid to be quantitated (such as heavily iron-laden liver). For both ROI techniques the mean T2* within the ROI was converted into the corresponding R2* [Hz] using the formula R2*=1,000/T2*[ms]. We used the R2* value because it is directly proportional to the liver iron content (higher liver iron content = higher R2*) which eases interpretation of results and is more intuitive than T2* (higher liver iron content = lower T2*).
Liver biopsy
All children underwent percutaneous liver biopsy within 30 days after MRI. Biopsies were performed after MRI to avoid the potential impact of metal fragments from the biopsy needle on R2* measurement. Biopsies were performed by an interventional radiologist using a co-axial percutaneous, transcapsular or transjugular technique and a 17-gauge sheath. Three passes were made to obtain tissue for histologic review, liver tissue iron quantitation and RNA microarray analysis. To reduce post-procedural bleeding, the latter technique was performed on children with increased risk of bleeding, such as thrombocytopenia or prolonged bleeding time [34] . Biopsy specimens measuring at least 5 mm in length were obtained, placed in a metalfree vial, refrigerated and sent to Mayo Clinic Laboratory (Rochester, MN) for liver iron quantitation. Liver iron content in biopsy tissue was considered the reference standard for liver iron quantitation and was compared to small and whole liver ROI R2* values.
Quantitation of liver iron content
Liver tissue iron quantitation was performed using acid digestion followed by inductively coupled plasma-mass spectrometry (ICP-MS) analysis as previously described [35] .
Statistical analysis
After T2* from small and whole liver ROIs were transformed into reciprocal R2* values, the intra-class correlation coefficient (ICC) was used to assess the agreement among R2* measurements by the three reviewers. Relationships between R2* values and liver iron content and percentage fitted pixels were investigated using Spearman's rank-order correlation; Monte Carlo estimated exact P values are reported. P values≤0.05 were considered significant. Robust linear regression modeling was used to fit the line and 95% confidence interval for predicting liver iron content with R2* for small and whole liver ROIs.
Results
Demographics, clinical characteristics and laboratory findings
Fifty-two children were enrolled from October 2005 through June 2007. Two children with underlying medical conditions precluding non-sedated MRI and one with internal metal were withdrawn from the study before any protocol-driven tests were performed. Of the remaining 49, 8 were excluded from data analysis, 5 because there were <25% fitted pixels within the ROI (3 on both small and whole liver ROI analyses, 2 on whole liver ROI only), 1 had an inadequate biopsy, 1 was unable to breath-hold and 1 was claustrophobic (no imaging was obtained on this patient). All participants tolerated liver biopsy without complication: 35 underwent percutaneous, transcapsular biopsy and 6 had transjugular biopsy due to increased risk of bleeding. The 41 evaluable patients ranged in age from 7 to 35 years (mean, 15.5 years); 22 were male (54%). Primary diagnoses were sickle cell anemia (Hb SS) (n=28), β thalassemia major (n=5), Hb S/ β thalassemia (n=2), congenital hypoplastic anemia (n=2), and sideroblastic anemia, glioblastoma multiforme, paroxysmal nocturnal hemoglobinuria and Hb E thalassemia (n=1 each). These patients had each received an average of 94 RBC trans- fusions (range 7-425 transfusions). Four patients had received <18 RBC transfusions but met study criteria because their serum ferritin was ≥1,000 ng/mL within 3 months of study entry. By tissue biopsy, the liver iron contents ranged from 0.6-27.6 mg Fe/g liver dry weight (mean, 10.3 mg Fe/g; normal range = 0.2-2.4 mg Fe/g liver dry weight). Two children had normal liver iron contents. The five children excluded for <25% fitted pixels had liver iron contents ranging 19.7-38.8 mg Fe/g liver dry weight (mean 27.7 mg Fe/g liver dry weight). Two of these five had <25% fitted pixels on whole liver ROI analysis but >25% on small ROI. These two had the lowest liver iron contents in this subset: 24.6 and 19.7 mg Fe/g liver dry weight.
Small and whole liver ROI R2* results and comparison with the reference standard Summary statistics for small and whole liver ROI R2* measurements for each reviewer are shown in Table 1 . Compared to the whole liver ROI technique, the small ROI method resulted in slightly higher R2* values and larger standard errors for all three reviewers and a greater range between maximum and minimum values for two reviewers. There was a strong association between the reference standard, liver iron content, and small ROI and whole liver ROI R2* measurements for all three reviewers ( Table 2) . The scatter plots from robust linear regression analysis . The y axis reflects the number of pixels per T2* species. In this example the calculated T2* would be the mean of all T2* values between the minimum value, 0.5 ms (red vertical line), and maximum value, 20 ms. d The reviewer adjusts the maximum measured T2* (arrow) by lowering it to include only the area under the major peak and exclude higher T2* values coming from vessels. e The adjusted pixel overlay is used to confirm that vessels were excluded from the mean T2* calculation (Fig. 3, reviewer 1 shown) clearly show that the association between liver iron content and R2* measurements was strongest at lower liver iron content and R2* values and progressively decreased at higher values (especially above 25 mg Fe/g) by both ROI techniques. The R2* values were inversely, significantly, associated with the number of fitted pixels (correlation coefficient = −0.64, SE=0.11; P<0.001) such that higher R2* values resulted in fewer fitted pixels (Fig. 4) . We noted an uneven distribution of fitted pixels on whole liver ROI pixel overlays with increasing R2* values (Fig. 4) . Utilizing the small ROI technique resulted in differences in the size, configuration and placement of the ROI between reviewers that more frequently led to differences ≥75 Hz (Table 3 ; Fig. 1 ). Even so, inter-reviewer agreement was excellent for both small and whole liver ROI methods (Table 4) . There was also a strong association between small and whole liver ROI R2* measurements for each reviewer (Table 5) .
Discussion
We found a strong association between liver iron content and R2* values using both small and whole liver ROI analyses. The association, however, becomes weaker at higher values regardless of the ROI technique used. We also showed that as R2* values increase, the number of fitted pixels within a ROI decreases. Such pixel drop-out occurs in areas of the liver containing very high iron concentration causing extremely rapid T2* signal decay that cannot be quantitated [21] . The relation between R2* and pixel drop-out likely explains the stronger association between R2* and liver iron content at lower values since relatively more pixels are included in the R2* calculation. As pixels are excluded from R2* calculation the distribution of fitted pixels in the liver can be uneven. In our study, this heterogeneity became obvious on the whole liver ROI T2* pixel overlay. Our findings agree with others who have assessed the distribution of R2* and R2 signal within livers of patients with iron overload [5, 8, 11] . In their study of 105 patients with a variety of liver diseases, St. Pierre and colleagues [8] found increasing R2 variability throughout the liver with increasing liver iron content. Others have shown directly, by histologic inspection of biopsy material obtained from various locations in livers resected from patients with end-stage liver disease, that the heterogeneity of iron deposition increases with increasing liver iron content [25] [26] [27] [28] . Therefore, patients with iron overload (for whom MRI is increasingly used to monitor liver iron content noninvasively) are likely to have varying degrees of uneven liver iron distribution. Subsequently, relative to a whole liver ROI measurement, the small ROI method and liver biopsy are likely more prone to sampling variability, especially in children with high liver iron content.
Due to inter-reviewer variability in size, shape and placement of the small ROI, coupled with inherent liver signal inhomogeneities, it is perhaps not surprising that we found a broader range in small ROI R2* values relative to whole liver values for two reviewers. Importantly, the number of cases with R2* values differing by more than 75 Hz between reviewers was greater when using the small ROI technique. In clinical practice, such variability could adversely impact the management of iron-overloaded patients when R2* values are near the threshold to initiate iron chelation management (liver iron content above 5-7 mg Fe/g liver dry weight) or the threshold to implement more aggressive iron chelation due to increased risk of cardiac dysfunction (liver iron content consistently above 15 mg Fe/g liver dry weight) [31, 36] . In contrast to the small ROI method, placement of the whole liver ROI is less subjective, since the operator is guided by the outer borders of the liver. However, choice of the maximum T2* value to include in the whole liver ROI analysis is operatordependent and can vary between reviewers. Despite this, we found smaller ranges and standard errors in whole liver ROI R2* values. Our findings are in agreement with those of Positano et al. [29] , who found larger differences in T2* measurements using a small ROI method than with a whole liver automated ROI method. Those investigators used an elaborate model based on a fuzzy clustering algorithm and T2* imaging obtained from a phantom and 40 patients with beta thalassemia to exclude vessels from automated whole liver T2* measurements. Our whole liver ROI method has the benefit of using the patient's own imaging and is simpler to utilize. Of the 49 children who underwent MRI for our study, about 13% (5/49) were excluded because there were <25% fitted pixels in either the small (n=3) or whole liver ROI (n= 5, 3 of whom also had <25% fitted pixels using a small ROI). This occurred in children with very high liver iron content. This technical failure rate is similar to the 16% (7/ Fig. 4 These axial MRI T2* maps show decreases in fitted pixels (in red) with increasing R2* values a 83% fitted pixels; R2*=86 Hz. b 47% fitted pixels; R2*=699 Hz. c 24% fitted pixels; R2*= 716 Hz. d 7% fitted pixels; R2*=837 Hz. Note uneven distribution of fitted pixels with increasing R2* Fig. 3 Scatter plots show robust linear regression line (solid) and 95% prediction limits (dotted lines) of the association between biopsyproven liver iron content and MRI R2* values using (a) a small ROI and (b) whole liver ROI. Note strong association at lower values and weaker association at higher values by both techniques 44) reported by Virtanen et al. [21] due to poor signal-tonoise ratios caused by high liver iron content when comparing small liver ROIs to paraspinal muscle R2* measurements. We found that when a whole liver ROI analysis resulted in an inadequate number of fitted pixels, a small ROI analysis offered an alternative approach. In such cases, an area of liver containing an adequate number of fitted pixels can be identified using the whole liver pixel overlay and a small ROI can be placed within it. The result must be interpreted with caution, however, because the R2* value will be an underestimate since the ROI was intentionally placed in an area with less pixel drop-out, hence lower iron content than surrounding liver. In the future, we will investigate other pulse sequences, such as gradient-echo sampling of free induction decay and echo (GESFIDE), that may improve our measurement accuracy by measuring both the R2 and R2* in tissue exhibiting very rapid signal decay [30] .
Our study has several limitations. The cohort consisted only of patients with known iron overload and few patients (n = 2) had liver iron contents in the normal range. Therefore, it is difficult to draw conclusions regarding the association between small and whole liver ROI R2* values when the liver iron content is normal. Because the distribution of liver iron is expected to be homogeneous in these children, and because there would be negligible pixel drop-out, there is likely little difference between the two techniques. Also, our study was limited to children with transfusional iron overload and did not include children with hereditary hemochromatosis, cirrhosis or other causes of increased hepatic iron deposition. These other causes of liver siderosis are known to exhibit varying patterns of iron deposition into Kupffer cells, sinusoidal and portal macrophages, epithelial cells and hepatocytes that are disease specific [37, 38] . Therefore, our findings may not be extrapolated to other liver diseases that might demonstrate unique patterns of liver iron distribution and MRI T2 and T2* signal. Also, we evaluated the liver only at the level of the main portal vein and not the areas above or below it, which may have had less pixel drop-out. We chose this approach to provide the MR technologists and reviewers an easily identifiable landmark that was reproducible in all patients.
Conclusion
We found a strong direct association between liver iron content and R2* measurements by small and whole liver ROI methods. Increases in liver R2* values are significantly associated with decreases in fitted pixels within ROIs. In children with transfusional iron overload, pixel drop-out results in an uneven distribution of fitted pixels throughout the liver. This finding becomes obvious on whole liver ROI pixel overlays. In such cases, small ROI R2* measurements can differ substantially, depending on the size, shape and placement of the ROI within the liver. We also found that the range of R2* values and standard errors were smaller using a whole liver ROI technique compared to the small ROI method. In the future, we will use the whole liver ROI technique, whenever possible, to assess our patients with iron overload. A prediction model based on the correlation between liver iron content and R2* values will allow us to estimate patients' liver iron content using R2* measurements. Liver biopsy will be performed only on children who cannot tolerate MRI or have internal metal precluding R2* measurement. In addition, liver Table 3 The number of cases with increasing differences in R2* values among three reviewers by small and whole liver ROI analysis. Note that two cases were excluded from the whole liver ROI analysis due to <25% fitted pixels biopsy will still be necessary when massive hepatic iron deposition precludes accurate R2* measurement using current MRI pulse sequences.
